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This is an appeal to the Board of Patent Appeals and Interferences from the 
final rejection of Claims 1, 4, 8 and 18 mailed April 19, 2005. On August 19, 2005, a 
timely Notice of Appeal was filed. 



I. REAL PARTIES IN INTEREST 

The real parties in interest are the Regents of the University of California and 
the United States of America as represented by the United States Department of Energy. 

II. RELATED APPEALS AND INTERFERENCES 

Appellant knows of no other appeals or interferences that will directly affect 
or be directly affected by or have a bearing on the Board's decision in the pending 
appeal. 

III. STATUS OF CLAIMS 

Claims 1, 4, 8 and 18 are pending on appeal and stand rejected. The rejection 
of claims 1, 4, 8 and 18 is appealed. Claims 2, 3, 5-7, 9-17 and 19 were previously 
canceled. A copy of the claims on appeal is set forth in the Claims Appendix. 



IV. STATUS OF AMENDMENTS 
All amendments have been entered. 
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V. SUMMARY OF CLAIMED SUBTECT MATTER 
Independent claim 1 is a method for producing carbon aerogel 
composites comprising the steps of (i) infiltrating a solution containing a 
plurality of carbon aerogel precursors into a pre-f ormed polymer foam, or fiber- 
mat (paragraph 13, lines 5-6), (ii) allowing said solution to gel such that it 
encapsulates at least part of the pre-formed polymer foam or fiber-mat to form a 
gelled composite (paragraph 13, lines 6-7), (iii) drying the gelled composite to 
form a dried composite such that the surface tensile forces are reduced 
(paragraph 13, lines 7-9), and (iv) pyrolyzing the dried composite wherein the 
preformed polymer foam or fiber-mat and the carbon aerogel decompose 
simultaneously such that they remain essentially in contact at their interfaces to 
form a monolithic glassy carbon material (paragraph 13, lines 9-13). 

VL GROUNDS OF REIECTION TO BE REVIEWED ON APPPEAL 
Whether claims 1 and 18 are anticipated by Droege. 
Whether claims 4 and 8 are unpatentable over Droege. 
Whether claims 1, 4, 8 and 18 are unpatentable over Pekala et al in view of 
Kaschmitter et al. 

VII. ARGUMENT 
Are claims 1 and 18 anticipated by Droege? 
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As indicated in the Declaration under 37 CFR §1.132 filed January 20, 2005, 
claim 1 of the present patent application includes a drying step that reduces surface 
tensile forces so that the organic aerogel and the preformed polymer foam/fiber-mat 
that it encapsulates, are essentially monolithic. After pyrolysis, they remain essentially 
in contact at their interfaces to form a monolithic glassy carbon material. Claim 1 
recites: "drying the gelled composite to form a dried composite such that the surface 
tensile forces are reduced/' As discussed in the Declaration, the Droege reference 
teaches a drying method that does not reduce surface tensile forces adequately to 
produce a monolithic composite, nor to form an essentially monolithic composite when 
pyrolized. The reference does not teach how to produce an essentially monolithic 
foam/mat aerogel composite. Claim 18 should be allowable at least because it depends 
from claim 1. Therefore the rejection should be withdrawn. 

Are claims 4 and 8 unpatentable over Droege? 

Claims 4 and 8 should be allowable at least because they depends from 
claim 1, which should be allowable over Droege as discussed above. Therefore the 
rejection should be withdrawn. 

Are claims 1, 4, 8 and 18 unpatentable over Pekala et al in view of 
Kaschmitter et al? 

As indicated in the Declaration under 37 CFR §1.132 filed January 20, 2005, in 
both Pekala and Kaschmitter, the pore size is required to be large enough so that fluid 



(electrolyte) can flow. Thus, neither reference teaches a method for producing a 
monolithic foam/mat aerogel composite. The composites produced by the Pekala and 
Kashmitter patents do not exhibit the same bulk properties as a monolithic aerogel 
because the average pore size is relatively large. In fact, such large pores, which enable 
easy fluid transport through the material, are essential for the application of energy 
storage. Therefore the rejection should be withdrawn. 

Accordingly it is submitted that the rejections of claims 1, 4, 8 and 18 are 
improper and should be reversed. 



Respectfully submitted, 




John P. Wooldridge 



Dated: October 18, 2006 



Attorney for Appellants 
Registration No. 38,725 
Tel. No. (808) 875-0012 



VIII. CLAIMS APPENDIX 

1. A method comprising: 

infiltrating a solution containing a plurality of carbon aerogel 
precursors into a pre-formed polymer foam, or fiber-mat, 

allowing said solution to gel such that it encapsulates at least part of 
the pre-formed polymer foam or fiber-mat to form a gelled composite, 

drying the gelled composite to form a dried composite such that the 
surface tensile forces are reduced, and 

pyrolyzing the dried composite wherein the preformed polymer foam 
or fiber-mat and the carbon aerogel decompose simultaneously such that they 
remain essentially in contact at their interfaces to form a monolithic glassy 
carbon material. 

4. The method of Claim 1, wherein allowing said solution containing a 
plurality of carbon aerogel precurors to gel is carried out at a temperature of 
80°C and a time period of 110 minutes. 

8. The method of Claim 1, wherein pyrolyzing the dried composite is 
carried out in a furnace in the temperature range of 700 to 1100°C and for a time 
period of 8 to 12 hours. 
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18. The method of Claim 1, wherein said drying is carried out by 
percritical carbon dioxide exchange. 



DC. EVIDENCE APPENDIX 

The attached Declaration was entered into the record by the Examiner 
as part of the applicants' response to the office action mailed July 20, 2004. The 
Declaration was mailed with a certificate of mailing on January 20, 2005 and was 
date stamped by the USPTO OIPE on January 25, 2005. 

The attached paper (Lu et al„ "Thermal and Electrical Conductivity of 
Monolithic Carbon Aerogels", 1993, pages 581-584, J. Appl. Phys. 73 (2) (1993)) 
was entered into the record by the Examiner as part of the applicants' response to 
the office action mailed July 20, 2004. The paper was mailed with a certificate of 
mailing on January 20, 2005 and was included in an Information Disclosure 
Statement date stamped by the USPTO OIPE on January 25, 2005. 

The attached paper (Tajiri et al., "Effects of Supercritical Drying Media 
on Structure and Properties of Silica Aerogel'', 1995, pages 83-87, J. Non-Cryst. 
Solids 186 (1995)) was entered into the record by the Examiner as part of the 
applicants' response to the office action mailed July 20, 2004. The paper was 
mailed with a certificate of mailing on January 20, 2005 and was included in an 
Information Disclosure Statement date stamped by the USPTO OIPE on January 
25, 2005. 
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DECLARATION UNDER 37 CFR 61.132 



Commissioner for Patents 
P.O. Box 1450 
Alexandria, V A 22313-1450 

Dear Sir: 

I, Lawrence W. Hrubesh, hereby declare that I am a citizen of the United 
States of America and a resident of Fleasanton, California. 

I have a PhD in Molecular Physics from the University of Wyoming. 

I am a Physicist with the University of California, Lawrence Livermore 
National Laboratory at Livemiore, California. 

I have worked at Lawrence Livermore National Laboratory as a Physicist 
for 36 years. I have worked in the aerogel/sol-gel field at Lawrence Livermore 
National Laboratory for 20 years. 

I have read die office action and would like the examiner to consider my 
comments in response to the rejections of claims 1, 4, 8 and 18. 

Claims 1 and 18 are rejected as being anticipated by Droege. Claims 1, 4, 8 
and 18 are rejected as being unpatentable over Pekala etal. in view of Kaschmitter. I 
respectfully disagree with these rejections. 
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Table 1 of my application shows examples of the thermal conductivities of 
several types of carbon composites of aerogel loaded foam that were produced 
according to the method recited in claim 1, As confirmed in the attached reference: 
J. Appl. Phys. 73 (2) 1993/ incorporated herein by reference, these thermal 
conductivities are very near to that of monolithic aerogels of comparable densities, 
which have average pore sizes that are less than 100 nm. This reference shows that 
low thermal conductivities in monolithic aerogels are the consequence of their 
unique morphology, consisting of particles and pores, which are smaller than the 
wavelengths of visible light. Moreover, this reference shows that such low 
conductivities would not be obtained if an aerogel was not truly monolithic (for 
example, if cracks, gaps, or large pores enabled paths for thermal energy to flow) 
and thus, if it did not have an average pore size less than 100 nm. It follows then 
that the monolithic glassy carbon composites of the present invention have average 
pore sizes that are less than 100 nm. 

Monolithic aerogels are dried with special procedures, such as 
supercritical drying, that reduce surface tensile forces and minimize shrinkage, to 
produce these small pores. The present invention uses such drying procedures. It is 
well known in the art that using a supercritical drying step will produce an aerogel 
that has relatively small average pore size* See the attached reference: J. Non-Cryst 
Solids 186 (1995), incorporated herein by reference. This reference shows that 
typical pore sizes for supercritically dried aerogels are less than 10 nm, even when 
different pore solvents are used (i.e., alcohols or carbon dioxide). 

-2- 
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Claim 1 of my patent application includes a drying step that reduces 
surface tensile forces so that the organic aerogel and the preformed polymer 
foam/fiber-mat that it encapsulates, are essentially monolithic. After pyrolysis, they 
remain essentially in contact at their interfaces to form a monolithic glassy carbon 
material. 

The Droege reference teaches a drying method that does not reduce 
surface tensile forces adequately to produce a xnonolithfc composite, nor to form an 
essentially monolithic composite when pyrolized. The reference does not teach how 
to produce an essentially monolithic foam/mat aerogel composite. Therefore the 
rejection should be removed. 

In both Pekala and Kaschmitter, the pore size is required to be large 
enough so that fluid (electrolyte) can flow. Thus, neither reference teaches a method 
for producing a monolithic foam/mat aerogel composite. The composites produced 
by the Pekala and Kashmitter patents do not exhibit the same bulk properties as a 
monolithic aerogel because the average pore size is relatively large. In fact, such 
large pores, which enable easy fluid transport through the material, are essential for 
the application of energy storage. Therefore the rejection should be removed. 

Accordingly, I respectfully request that the rejections be withdrawn. 

I hereby declare that all statements made herein of my own knowledge 
are true and that all statements made on information and belief are believed to be 
true; and further that these statements were made with the knowledge that willful 
false statements and the like so made are punishable by fine or imprisonment, or 
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both, under Section 1001 of Tide 18 of the United States Code, and that such willful 
false statements may jeopardize the validity of the application or any patent issued 
thereon. 

Respectfully submitted. 



Dated: January 19, 2005 
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Xianping Lu, Ove Nifsson, and Jochen Frick© 

Physikalisches Institut der Unwersit'at Am Hubland. D-3700 Wurzburg, Germany 

Richard W. P©kala 

Chemistry and Materials Science Department Lawrence Llvermore National Laboratory, Livermore, 
California 94550 

(Received 8 June 1992; accepted for publication 2 October 1992) 

The thermal and electrical conductivity of monolithic carbon aerogels was investigated at room 
temperature. Results showed both the solid thermal conductivity and the electrical conductivity 
scale with the density in the range between £0 and 650 kg m~ 3 . The scaling exponents for the 
two conductivities have identical values of 1.5. For a density of 82 kg m~ 3 a thermal 
conductivity of 0.029 W m" 1 KT 1 in air and aoiS W m _1 K -1 after evacuation was found. 



I. JWTRflOUCTIOM 

Aerogels are nanoporous materials produced in a sol- 
gel process followed by supercritical drying. 1 " 3 SO2 aero- 
gels with densities of about ISO kg m~ 3 provide a low (total 
thermal conductivity of 0,020 W m" 1 K" 1 at 300 K and sn 
an atmosphere of 1 bar. 6 The tenuous solid skeleton leads 
to a very low solid thermal conductivity. The nanosized 
pores (<S> < 100 nm) partially suppress the gaseous conduc- 
tion in the pore space. The radiative conductivity in pure 
Si0 2 aerogels was found to be small at 500 EL IHfowever, it 
increases dramatically with temperature because the spe- 
cific absorption coefficient of SK) 2 is estemely small for 
wavelengths below 8 /4m. 4 

Recently, organic and opacified SiOj aerogels have be- 
come available, in which the infrared (ER) extinction is 
considerably higher than in pure SiO^ e^ogels. 3,6 Thus, tSie 
radiative transfer in such aerogels is significantly reduced- 
The smallest thermal conductivity values measured at am- 
bient conditions for an organic aerogel and an opacified 
Si(?2 aerogel were 0.012 and 0.013 Wm^ 1 K~K respec- 
tively. 3 ' 6 Such aerogels have potential us substitutes for 
polyurethane foams blown with cMora£hiorccarbon& 

Dispersed cgr&on*based materials with graphitic nano- 
structure are efficient infrared absorbers, with a mass spe- 
cific IR-extinction coefficient of more than 1000 m 2 kg™ 1 . 
Carbon-based fibers 7 and powders 8 are therefore effective 
high-temperature thermal insulations. Typically they have 
densities larger than 200 kg m~ 3 and provide thermal con- 
ductivities of about 0.1 W tmT 1 Et^ 1 at room temperature 
and 0,3 Wm' 1 K~ l at JOOO'C D®e to the low density, 
monolithic carbon aerogels can be expected to have low 
thermal conductivities at high temperatures, too. 

The scaling behavior of the thermal conductivity 9 ' 10 
and elastic modulus 11 ' 12 wish density have been derived 
experimentally for Si0 2 aerogels* The scaling is often dis- 
cussed in terms of percolation theory. The measurements 
on various powders also showed that the percolation mod- 
els are quite successful to describe the density dependence 
of the transport properties in such systems. 13,14 It would 
therefore be of interest to perform measurements of both 
the thermal and electrical conductivity on the carbon aero 
gels. 



11. SAMPLE PREPARATION AND EXPIRIMiMTAL 

Carbon aerogels are derived from organic aerogels, 13,15 
which are formed via the aqueous poJycondensation of re- 
sorcinol with formaldehyde. In this polymerization process 
resorcinol serves sis a trifunctional monomer capable of 
adding formaldehyde in the 2-, 4-, and 6-ring positions. 
Formaldehyde is bifiractional and forms oovaknt bridges 
between the resorcinol rings. The resultant sol is composed 
of polymer clusters, whose size is controlled by the con- 
centration of the catalyst. The resoroinol-formaldehyde 
(RF) dusters cross-link to form a gel that is first ex- 
changed with an organic solvent and then with liquid OOj. 
The wet gel is transformed into a highly porous RF mono- 
lith vis supercritical drying with respect to C0 2 The crit- 
ical tempsrafiure for tthis gas is !T C =31 D C and the critical 
pressure p g =13.9 bar. The RF aerogels are pyrolyzed in 
nitrogen at temperatures ranging from 600 to 1 100 °C to 
form a carbon aerogel. All samples in this study were syn- 
thesized at a Iresorcmolj/|catalyss] ratio of 200 and subse- 
quently pyrolyzed at 1050 °C For the thermal and electri- 
cal measurements the carbon aerogel samples are made in 
a block form with a size of 1.5X2X6 cm 3 . 

The thermal conductivity of carbon aerogels was mea- 
sured at room temperature using a transient hot-wire tech- 
nique. 17 A platiniuxn but wire is squeezed between a pair of 
identical aerogel blocks, as shown in Fig. 1. The thermal 
conductivity is determined by feeding a constant power 
into the wire and by observing its temperature increase 
with time. 17 In order to reduce thermal contact resistances 
between the wire and the aerogels, the surfaces of the sam- 
ples were diamond turned. Hie elasticity of the aerogels 
allows proper embedding of the wire into the aerogd and 
helps to reduce the air slit between the blocks. 

Instead of a bare wire a laquered Ft wire was used in 
order to avoid electrical contact of the Pt wire with the 
electrically conducting carbon aerogel specimens. The 
thickness d of the insulating layer was about 10 #m and the 
wire radius was SO pm. The effects of the electrically insu- 
lating layer on the temperature increase of the wire have 
been analyzed by Nagasaka et aV % \t was found that this 
effect is negligible for sufficiently long measuring times, i.e., 

© 1993 American Institute of Physics 581 
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carbon aerogel blocks 




Pf- wire 



FIG. 1. Diagram of the aerogel sample with hot-wire probe far the mea- 
surements of the thermal conductivity. 



if the penetration depth 5 = fit of the thermal wave is 
much larger than the thickness d of the insulating layer. In 
our case the thermal diffusivities were 3 x 10~ 7 m 2 s""* 1 
and measuring time larger than 10 s, 8/d% 170. Thus, the 
traditional long-time approximation 17 for the temperature 
increase can be used to determine the thermal conductiv- 
ity. 

Due to the small specimen sizes the length of the hot 
wire was limited to 50-60 mm. This may cause large anal 
heat losses through the potential leads. Calculations have 
shown that they can cause errors as large as 7% for the 
lowest thermal conductivities. The total relative uncer- 
tainty of the reported thermal conductivities is estimated to 
be less than 10%. 

The thermal conductivity of various specimens was 
measured at room temperature as a function of gas pres- 
sure. The sample was mounted in a vacuum chamber, in 
which the gas pressure could be reduced to about 10" 2 
mbar. 

The electrical conductivity at room temperature was 
measured using a four-probe technique (shown in Fig. 2). 
Electrical contacts were made by copper platelets, which 
guaranteed a reliable and intimate contact with the surface 
of the sample. The distance between the potential leads is 
about S cm. The main uncertainty in these measurements 
originates from the determinations of the distance between 
the voltage probes and the area of the specimen. The re- 
sulting errors in electrical conductivity are estimated to be 
less than 5%. 

HL RESULTS AND DISCUSSION 

The variation of the total thermal conductivity with 
gas pressure is depicted in Fig, 3. The lowest thermal con- 
ductivities at room temperature were obtained for a density 



of 82 kgnT 3 : 0.029 



Wm^K" 1 in 



air and 0.018 



W m 1 K 1 when evacuated. The gaseous conductivities 
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FIG- 3. Total thermal conductivity A, of various carbon aerogels vs air 
pressure^ at room temperature; O : 82 kg X : 124 kg m~ 3 > and A 
: 139 kg m~\ 



krp derived from the difference in thermal conductivity for 



- 1 (p=637 kgnr 3 , 
1 K" 1 (p-82 kg m" 3 ). As for or- 
a systematic decrease of X g with 



the nonevacuated and the evacuated state, are in the range 
from 0.005 WraT 1 KT 1 (p=637 kg m~ 3 , not shown in 
Fig. 3) to 0.011 Wm 
ganic and SiOj 

increasing density is observed (see Fig. 4). A full suppres- 
sion of gaseous thermal conduction occurs at a pressure of 
about 10 mbar. 

The specific extinction coefficient was measured using 
a Fourier-transform infrared (FTIR) spectrometer 4 and 
found to be larger than 1000 m 2 kg -1 . Thus, the radiative 
contribution to the beat transfer at room temperature is 
negligible and the measurement of the thermal conductiv- 
ity in the evacuated carbon aerogels directly provides the 
soHd thermal conductivity. 

Figure 4 shows the density dependence of the total 
thermal conductivity A, (nonevacuated specimen) and 
solid thermal conductivity A s (evacuated specimen) of car- 




400 

density stkg-nr 3 ) 



800 



FIG. 2. Diagram of the aerogel sample for the 
electrical conductivity. 



of the 



FIG. 4. Variation of the thermal conductivity A with the density p for 

carbon aerogels in air (A) and under evacuation (X The line ( ) 

depicts smoothed A values calculated from the measured electrical con- 
ductivity using Eq. (I). 
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bon aerogels. A rapid increase of the thermal conductivity 
with density is observed. 

It is of interest to know the relative contribution of the 
electrons to the thermal transport in carbon aerogels. Gen- 
erally, the electronic thermal conductivity for metals and 
semimetals can be described by the Wjedemann-Franz 
law 19 

A e -vTL, (I) 

where T is the temperature and cr the electrical conductiv- 
ity. The Lorenz number L can be expressed as 20 

l=lo-S 2 . (2) 

Where L 0 =2A5 X HT 8 W & K~ 2 is the Lorenz number of 
free electrons and S the Seebeok coefficient The value of L 
depends on the degree of degeneracy of the electron gas hi 
the materials. 

The Wkd&&2£Br3 7 raR£ tew shtrcM also be applicable 
to carbon aerogels, which have a high carries' concentra- 
tion of about 10 20 cm" 3 . Therefore, the electrical conduc- 
tivity of carboa aerogels was measured as a function of 
density at room temperature. Values in the range from 0.6 
to 20 DT X cm" 1 for densities between 60 and 650 kg m~ 3 
were obtained. If we use the Lorenz number Lq of free 
electrons and measured values of the electrical conductiv- 
ity, we can estimate an upper hmit for the electronic con- 
tribution to the thermal conductivity A c (see Fig. 4). The 
low values of k e indicate that the thermal conductivity of 
carbon aerogels is primarily due to the heat transfer by 
phonons. 

Structural investigations 15 have &hown that carbon 
aerogels form a chainKlce network of small, highly disor- 
dered carbon spheres. The disordered nanostructure of 
carbon particles caused by the pyrolysfc has been found to 
be SlnVlaf to poly crystalline carbOn. 15 An frvplane micro- 
crystallite size of 2.5-3.0 nm was determined from Raman 
measurements. ER measurements and x my studies support 
this conclusion for caffcoa aerogels. 21 It has ton shown 
that the thermal transport even in nonporous polycrystat- 
line graphite is mainly carried by phonona. 22 This was in- 
terprets! as the strong scattering fiuui ciyslalHle bound- 
aries. The electronic heat transport in carbon aerogels 
seems also to be limited by scattering from the numerous 
boundaries. 

The solid thermal conductivity of carbon aerogels is 

line carbon. This is due to the large amount of pores ex- 
isting in the medium, which restrict the propagation of 
local excitations tn the chain & in fhp ton now skeletosL 

Compared to organic* and SiO^ aerogels, 5 * 23 carbon 
aerogels, however, provide a much lower thermal resis- 
tance. This is because nonporoua carbon material* have 
much higher solid thermal conductivities than nonporons 
S10 2 and organic materials uadef comparable condition*.*' 
Furthermore, the elastic modulus for carbon aerogels ob- 
tained from ultrasonic measnromsnte is significantly larger 
than their counterparts at the same porosity. 12 This indi- 
cates that a stronger bonding exists in carbon aerogels, 
which yield a better heat transfer between the particles. 

583 J. Appj. Phys. f Vol. 73, No. 2, 15 Janua/y 1093 
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FIG. S. The derived solid thermal conductivity X x (O) and electrical 
conductivity a (A) for carbon aerogels vs density p. The scaling expo- 
nents CL find t, Le., the slopes of the curves, are equal with a=f =1.5 =t 0.1. 



Figure 5 shows that the thermal and electrical conduc- 
tivity of carbon aerogels scale directly with the density of 
the skeleton 

k^(T, tf«p'. (3) 

The best fits "give identical values for the exponents or=f 
s=l,5±0.1, .which is in good agreement with the results 
obtained for Si0 2 aerogels.*' 1 * 

A direct scaling behavior for the elastic modulus Y of 
the carbon aerogels has also been found 12,23 The elastic 
exponent r for the corresponding density range was deter- 
mined to be 2.7*0.2, which is smaller than the one for 
S1O2 aerogels 12,26 (r=3*2-!W in the density range above 
100 kg m-*). 

The density dependence of the thermal and electrical 
conductivities can be described by the same scaling law 
with identical scaling exponents, although the thermal con- 
ductivity in the carbon aerogels is mainly due to phonon 
transport and not to electron transport, The same conclu- 
sion has been drawn for electrically conducting powders. 1 * 
This indicates that the thermal and electrical conduction in 
Ihese parous mRtzrmk have identical conduction path- 
ways. Furthermore, the results confirm that the scaling 
exponents for the two conductivities ore significantly lower 
Qim the result lor the elastic modulus. This is caused by 
tlhe higher Sensorial order of tie elastic problem as com- 
p&JGd to &o 'dosteesJ ead tharanal eondusMon prosecco 27 
The laiiu r/«=r//=1.8 eolnrides wiLh the value 1.8*0.2 
determined for various powders. 

Thz scaling bshavior of the transport properties is of- 
ten discussed in Usiim of peculation theory. The measure- 
ments on the various powders 13,14 show that the thermal 
And «lprtrina\ conductivity as well as the elastic modulus 
scale with p— p ft where p c ss the percolation ihreshold. An 
interesting feature of monolithic aerogels is that the perco- 
lation threshold seems to be close to zero. This implies that 
a connective network arista for monolithic aerogels even at 
a very low density. The structure of aerogels can be char- 
acterized by percolation clusters, 28 but it is still controver- 
sial if critical phenomena for gelation are described cor- 

Luetal. 583 
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rectly by percolation theory. The tenuous network of the 
gels may not be formed by randomly filling sites as in the 
percolation process. 
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Abstract 

Silica alcogels prepared from tetramethylorthosilicate were supeicritically dried with methanol, ethanol, 2-propanol and 
carbon dioxide media. The density, transmirtance, specific surface area and pore size of the aerogels obtained were 
compared. The supercritical drying media affects the properties of the aerogel. 



1. Introduction 

Aerogels are porous materials prepared from wet 
gels (alcogels) by the supercritical drying method. 
Theoretically, the skeletal structure of wet gels is 
maintained through supercritical drying [l,2j In 
aerogel preparation, however, slight shrinkage of the 
gel occurs. Alcohol [3,4] and carbon dioxide [5] are 
usually used as supercritical drying media. Hy- 
drophobic aerogels are generally obtained using al- 
cohol [61 and hydiophilic aerogels usually result 
from carbon dioxide extraction. This suggests that 
the type of medium affects the surface and structure 
of aerogels. 

Silica aerogels were prepared from the same silica 
aerogels using different supercritical drying media 
(methanol, ethanol, 2-propanol and carbon dioxide) 
and the properties of the aerogels obtained were 
compared. Hie properties were observed 'to vary 
systematically with the media. 



* Corresponding author. Tel: +81-52 911 2111. Telefax: +81- 
52 916 2802. E-mail: tajiri@ninn-go.jp. 



2. Experimental procedure 

2.2. Preparation of aerogels 

One mole of tetramethylorthosilicate (TMOS) was 
dissolved in 10 or 20 mol of methanol depending on 
the desired density. Six moles of water (containing 
NH 4 OH of 0.1N concentration as catalyst) were 
added to the solution while stirring and the mixture 
was poured into molds. Silica alcogels were obtained 
by hydrolysis and gelation within 1-3 h* Disks with 
dimensions of 85 mm diameter and 10 mm thick- 
ness, and of 40 mm diameter and 10 mm thickness, 
and 10 x 8 x 80 mm 3 bars were prepared in each 
alcogel lot. Alcogels were soaked in methanol, 
ethanol or 2-propanol for about 40 h to exchange the 
liquid phase of the gels for the medium used for 
supercritical drying. The samples prepared for C0 2 
drying were exchanged to ethanol in this stage. 

The autoclave used was 105 mm in diameter and 
100 ram deep. An electric heater was wrapped around 
the side wall. Thermocouples were located near the 
electric heater (TCI) to control the heater tempera- 
ture and at die center of the lid of the autoclave 
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Table 1 

Critical parameters for the supercritical drying media 



Alcohol 


Critical temperature (°C) 


Critical pressure (MPa) 


MeOH 


239.4 


8.09 


EtOH 


243,1 


638 


iPrOH 


235-2 


4.76 


C0 2 


3L1 


73S 



(TC2). Ihe temperature of TC2 was lower than the 
temperature of the inner samples and medium but the 
difference between them was less than 5°C 

Table 1 shows the critical parameters of the media 
used. Supercritical drying using alcohol as a medium 
was performed as follows. Alcogel samples were put 
into the autoclave and the autoclave was filled with 
alcohol and heated. The heating rate was 50°C/h to 
a temperature of 200°C and 25°C /h from 20CPC to 
300°C as measured by TCI, After reaching 3C0°C, 
the temperature was held constant untQ cooling was 
started. The pressure was kept at slightly above the 
critical pressure of the medium using a controlled 
leak. When the TC2 temperature reached 10°C above 
the critical temperature of the medium (usually about 
1 h after TCI reached 300°C), removal of the super- 
critical medium was started. The pressure was de- 
creased to atmospheric pressure in 2 h, then the 
temperature was decreased to room temperature* in 
12 L 

For drying by carbon dioxide medimn, the alcogel 
samples and ethanol wese placed in the autoclave 
first Then liquid carbon dioxide was fed into the 
autoclave for 2 h a rate of 20 ml/min at a tempera- 
ture below 20 P C to exchange ethanol with carbon 
dioxide. The pressure was kept above 7 MPa during 
this operation. This operation was repeated four times 
over 2 days, to complete the exchange. After that, 
the vessel was heated to 80°C (TCI) in 1 h, and 
when TC2 readied 40°C, removal of carbon dioxide 
was started. 

Some aerogel samples were Sxeat treated at 500°C 
for 2 h in air. 

2.2. Measurements 

The weight and dimensions of the samples were 
measured, and the bulk density and change of the 
volume, were calculated* Transmission spectra were 



measured in the wavelength region 200-2500 nm by 
a UV/VIS spectrometer (Hitachi U-3400). The solar 
transmittance was calculated from the spectra- Spe- 
cific surface areas and pore size distributions were 
measured by the Bmnauer, Emmett and Teller (BET) 
nitrogen adsorption method (Carlo Erba Sorptomatic 
Model 1900)- The skeletal density was measured by 
helium pycnometry (Shimazu-Mcromeritics Autopy- 
cnometer Model 1320), The bending strength was 
measured by three-point bending test method with a 
Shimazu Autograph Model AG-25TC and lOOg full 
scale load cell. Bar samples (10 x 8 X 80 mm 3 , but 
actual dimensions were smaller because of shrink- 
age) were used for' the bending strength measure- 
ments. 



3» EesuuMs 

Two types of silica alcogel, MeOH/lMOS mole 
ratio of 10 (shown by the notation H in the figures) 
and 20 (shown by L), were used for the experiments. 
Hie bulk density of the aerogels as removed from 
autoclave (shown by the notation before HX in the 
figure) and those measured after heat treatment 
(shown by after HX) are shown in Fig. 1. The 
density varied considerably with the kind of the 
supercritical drying media, and the heat treatment 
used. Fig. 2 shows the volume and weight change 
from She heat treatment process. Shrinkage occurred 
during both supercritical drying and heat treatment 
In both processes, aerogels dried by 2-propanol 
showed die largest shrinkage. Next were those dried 



0.20 | | i j 




Supercritical drying media 



Kg. 1. Density of silica aerogels: H denotes alcogel was prepared 
as [MeOH/TMOS] = 10; L denotes [MeOH/TMOS] » 20; H.T. 
denotes heat treatment. 
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Suptf trittal drying medium 

Fig. 2. Weight and volume change of aerogels by heat treatment. 
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4. Transmission spectra of aerogels after heat treatment 



by ethanol, and those dried by methanol showed the 
smallest shrinkage. There was less shrinkage for the 
higher-density aerogels. Weight loss also occurred 
during the heat treatment process. The oidei uf Uie 
weight loss was 2-propanol > ethanol > methanol. 
However the silica concentration (— bulk deuwly uf 
aerogel) had no effect to the percentage loss. 

Fig. 3 shows tiaiisuii&MUJU speUia uf samples 
before heat treatment. The difference in the position 
of small ab$oipiiun bands indicates the diflmmw uf 

thft materials r^TTiflini-ng nn trj<» SVTCfare o£ thfr ifcrO- 

gels. The &peUu uf samples aJlei heal uuaUJieM are 
shown in Fig A THa |wp?W<?a of th* principal abaorp- 
tiun bauds was almusi the same as mai or the 

samples HnVH hy rarfw^p 'tawtide. This means that 

hydiuxyl gruupy Misted on the smfaces. 

F; S * fclwws ii? wlai traamuttance and spscifis 
surftoee areas. The solar craflSffiltUfltt wa* improved 
h y ^ hfi?\ treatment. I? particular, aerogrie dritd by 
2-propanol have about 96% ittn&nitlance for 10 nun 
tfada? es, and thay elww a rignifieant improvement 



over other aerogels for transmittance below 500 nm 
wavelength, as shown in Fig. 4. Specific surface 
areas become larger with the heat treatment Pore 
size distributions for samples before heat treatment 
dried by .methanol and by. '2-propanol are shown in 
Fig. 6. The pore cize of methanol dried aerogel was 
about 60-70 A, and that of 2-propanol-dried aerogel 
was about 10 50 A- 

Fig. 7 shows the skeletal densities. The skeletal 
dennittoo of aerogels after heat treatment, were 2*02- 
ZU!te/cm 3 , and slightly less than 12g/cm J for 
amorphous silica. The skeletal densities before heat 
treatment decreased systematically tor rnp.tfiannl- 
dricd to 2-propanol-dried. t : „■ 

The bending strength is shown in Wg A Th* 
3trcngth increased with bulk density as pieyiuuMy 
reported [7J. However, onr data vanwl wtrtely, sn 

that no siaiiaiiudly wguifluaiii effeu uf drying media 
was found. 
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Fig. 3. Transmission spectra of aerogels before heat treatment 
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Fig. 6. Pore size distribution of methanol-dried and 2-propanol- 
dried aerogels. 
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Fig. 7. Skeletal density of aerogels before and after heat treatment 
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Fig. 8. Bending strength of aerogels before heat treatment 



4. Discussion 



that the ratio of alkyl groups to silica changes. If 
alkyl groups are removed from aerogels dried by 
methanol, ethanol and 2-propanol, respectively, the 
molar ratio of alkyl group to silica is consistent 
(0-47) for all aerogels within 10% error. This sug- 
gests that alkyl groups exist on silica surface with 
the same concentration, and the size of alkyl group 
affects the aerogel properties. If the same number of 
alkyl groups exists on the same silica skeletal net- 
work the alkyl group with larger volume makes the 
pore size of the network smaller, and larger alkyl 
group makes the skeletal density of the aerogel 
smaller because the molar density of alkyl groups is 
smaller than that of silica, the experimental results 
that the pore size .of the aerogel dried by 2-propanol 
was smaller than that of the aerogel dried hy 
methanol, and that the skeletal density became sys- 
tematically smaller with the size of alkyl group, 
agree with this suggestion. Small-angle X-ray scat- 
tering and Raman scattering data also show that the 
particle sizes become larger with the size of the alkyl 
group [10], These changes of structure do not affect 
the aerogel strength within our detection limits- 

If the skeletal structure of an aerogel which was 
constructed during gel formation was not affected by 
the drying process, then aerogels which underwent 
heat treatment should have the same properties. 
However, the transmittance and bulk density of the 
aerogels varied with supercritical drying media. For 
example, significant improvement of the transmit- 
tance of heat-treated 2-propanol-dried aerogel is con- 
sidered to be caused by the smaller skeletal particle 
size. This suggests that skeletal particles of the aero- 
gel dried by 2-propanol shrink more in sintering than 
those of aerogels dried by other media, but it does 
not explain why the type of the supercritical drying 
medium affects the shrinkage of the skeletal particle 
size in sintering* We conclude that the supercritical 
drying medium affects the aerogel structure, but 
further study is needed to understand this effect 



With supercritical drying using alcohol, the sur- 
face of the aerogel is covered by corresponding alkyl 
groups. The aerogels obtained are hydrophobic, and 
transmission spectra support this observation. Sur- 
face alkyl groups are removed by oxidation and the 
skeletal density is increased by beat treatment [8,9]. 
The weight loss from the heat treatment indicates 



5. Conclusion 

Supercritical drying media affect the properties of 
aerogels obtained The surface of the aerogels pre- 
pared by supercritical drying of alcohol is covered 
by the corresponding alkyl groups, and the size of 
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the alkyl group affects the aerogel properties, such as 
pore size. The aerogel prepared by supercritical dry 1 
ing of 2-piopanol and heat treated shows excellent 
transparency. 
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